(PS 



(19) 




Europfllsches Patentamt 
Eur pean Patent Office 
Office europ6en des brevets 



(12) 



(43) Date of publication: 

13.05.1998 Bulletin 1998/20 

(21) Application number: 97119648.0 

(22) Date of filing: 10.11.1997 



01) EP0 841 167 A2 

EUROPEAN PATENT APPLICATION 

(51) Int. CI. 6 : B41J2/16 



(84) Designated Contracting States: 

AT BE CH DE DK ESFIFRGBGRIE IT LI LUMC 
NLPTSE 

Designated Extension States: 
AL IT LV MK RO SI 

(30) Priority: t1.11.1996 JP 298642/96 
11.11.1996 JP 298643/96 

(71) Applicant: 

CANON KABUSHiKI KAISHA 
Tokyo (JP) 

(72) Inventors: 

• Yagi, TakayuM 
Ohta-ku, Tokyo (JP) 

• Kobayashl, Junichi 
Ohta-ku, Tokyo (JP) 

• Kawasumi, Yasushi 
Ohta-ku, Tokyo (JP) 



• Momma, Genzo 
Ohta-ku, Tokyo (JP) 

• Maklno, Kenji 
Ohta-ku, Tokyo (JP) 

• Fujrta, Kei 
Ohta-ku, Tokyo (JP) 

• Matsuno, Yasushi 
Ohta-ku, Tokyo (JP) 

• Hayakawa, YUkihlro 
Ohta-ku, Tokyo (JP) 

• Takizawa, Masahiro 
Ohta-ku, Tokyo (JP) 

(74) Representative: 

Pellmann, Hans-Bernd, Dipl.-lng. et al 
PatentanwaltsbOro 
Tfedtke-BQhling-KInne & Partner 
Bavariaring 4 
80336 MQnchen (DE) 



CD 



00 



Q. 

UJ 



(54) Method of producing a through-hole, silicon substrate having a through-hole, device using 
such a substrate, method of producing an ink-Jet print head, and Ink-jet print head 



(57) The invention provides a method of producing 
a through-hole, a substrate used to produce a through- 
hole, a substrate having a through-hole, and a device 
using such a through-hole or a substrate having such a 
through-hole, which are characterized in that: a 
through-hole can be produced only by etching a silicon 
substrate from its back side; the opening length d can 
be precisely controlled to a desired value regardless of 
the variations in the silicon wafer thickness, and the ori- 
entation flat angle, and also regardless of the type of a 
silicon crystal orientation-dependent anisotropic etch- 
ant employed: high productivity, high production repro- 
ducibility, and ease of production can be achieved; a 
high-liberality can be achieved in the shape of the open- 
ing end even if temperature treatment is performed at a 
high temperature for a long time; and a high-precision 
through-hole can be produced regardless of the shape 
of a device formed on the surface of a substrate. The 
method of producing a through-hole comprises the 
steps of: (a) forming a dummy layer on the principal sur- 
face of the substrate at a location where the through- 
hole will be formed, the dummy layer being capable of 
being selectively etched without etching the material of 



the substrate; (b) forming a passivation layer having 
resistance to an etching process on the substrate in 
such a manner that the dummy layer is covered with the 
passivation layer; (c) forming an etching mask layer on 
the back surface of the substrate, the etching mask 
layer having an opening corresponding to the dummy 
layer; (d) etching the substrate by means of a crystal ori- 
entation-dependent anisotropic etching process until 
the dummy layer is exposed via the opening; (e) remov- 
ing the dummy layer by etching the dummy layer from 
the part which has been exposed in the step of etching 
the substrate; and (f) partially removing the passivation 
layer so as to form a through-hole. 
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Description 

PAQKGROUND OF THE INVENTION 

5 FteMqfthe Invention 

The present invention relates to a method of producing a through-hole in a silicon wafer, a substrate used to pro- 
duce a through-hole, a device using such a substrate, a method of producing an ink-jet print head, and an ink-jet print 
head. 

10 

Pescription of the Related Art 

In recent years, research and development has been earned out in the art of micromechanics with the objective of 
realizing a micromachine having an ultrasmall movable mechanism. In particular, the technique of forming a microstruc- 

is ture on a single-crystal silicon substrate using semiconductor integrated circuit technology (semiconductor photolitho- 
graphic process) is promising in that a plurality of ultrasmall mechanical elements can be produced on the substrate 
with high reproducibility. This technique allows a plurality of such ultrasmall mechanical elements in an array form at a 
reduced cost. Furthermore, the reduction in the size of elements can result in a high response speed compared with 
the conventional mechanical structure. In the art of the micromechanics based on the semiconductor photolithographic 

20 process, bulk micro-machining is an essentially important technique to produce a high-precision through-hole used to 
realize a thin-film cantilever or nozzle. The bulk micro-machining technique is based on the technique of etching a sili- 
con substrate by means of a crystal orientation-dependent anisotropic etching process in which etching for (1 1 1 ) crystal 
surfaces occurs at a different rate from that for other crystal surfaces. The technique of producing a through-hole by 
etching a silicon substrate from its back side by means of a crystal orientation-dependent anisotropic etching process 

25 is useful to produce various devices such as a cantilever and a micro valve on the surface of the substrate, and therefore 
intensive research and development is being carried out with the objective of realizing various devices using this tech- 
nique. 

One known device using a cantilever is a cantilever probe used in a scanning probe microscope (hereinafter also 
referred to as an SPM). The advent of scanning tunnel microscopes capable of directly observing electron structures of 

30 atoms on the surface of a conductor (G. Binnig et al., Phys. Rev. Lett., 49, 57(1983)) has made it possible to obtain a 
high-resolution microscopic spatial image of an object regardless of whether the object is in a single crystal form or an 
amorphous form. Thus, the SPM is now widely used to evaluate the microstructure of specimens. To improve the per- 
formance and function of the SPM, thin-film cantilevers having various capabilities realized in an integral fashion have 
been proposed. For example, in the atomic force microscope capable of measuring the microscopic structure of the sur- 

35 face of a specimen by means of detecting repulsive and attractive force at the surface of a substance, it has been pro- 
posed to use a piezoresistance cantilever having a piezoresistance integrated on a cantilever instead of a conventional 
cantilever using an optical lever to detect deflection (M. Tortonese et al., "Atomic Force Microscopy using a Piezoresis- 
tive Cantilever", The 6th International Conference on Solid-State Sensors and Actuators, Transducers '91, 1991, pp. 
448-451). Using such a piezoresistance cantilever, it is possible to detect a microscopic surface structure even in vac- 

40 uum or at a low temperature without needing external detection devices such as a laser, an optical component, and a 
photod elector. 

A method of producing such a piezoresistance cantilever by means of silicon crystal orientation-dependent aniso- 
tropic etching is described below with reference to Fig. 20. 

First, an SOL wafer 500 serving as a substrate is prepared by forming a silicon dioxide layer 502 and an n-type sil- 

45 icon layer 503 on a p-type silicon substrate 501 (refer to Fig. 20A). A silicon dioxide layer 504 is then formed on the prin- 
cipal surface and also the back surface of the SOI wafer. The silicon dioxide film 504 on the principal surface is 
removed, and boron (B) is implanted and diffused into the n-type silicon layer 503 thereby forming a resistor pattern 505 
in the shape of a cantilever in the n-type silicon layer. Furthermore, a thin silicon dioxide film 507 serving as a passiva- 
tion layer is formed on the cantilever and a contact hole is then formed therein. Subsequently, an aluminum metal elec- 

so trade 508 is formed thereon. An opening 506 for use as an etching window is formed in the silicon dioxide film 504 on 
the back surface of the SOL wafer (Fig. 20B). The p-type silicon substrate is then etched via the opening 506 by EDP 
(ethylenediamine/pyrocatechol) serving as a crystal orientation-dependent anisotropic etchant for silicon thereby form- 
ing a hole surrounded by (1 11) surfaces of the silicon substrate and the membrane of the silicon dioxide layer 502. The 
silicon dioxide layer 502 is partially removed using hydrofluoric acid thereby forming a through-hole thus forming a pie- 

55 zoresistance cantilever (Fig. 20C). 

In the above technique of producing a through-hole by etching a silicon substrate from its back surface using a crys- 
tal orientation-dependent anisotropic etchant, the opening length d at the principal surface of the substrate is, as shown 
in Fig. 21, determined by the opening length D at the back surface of the substrate, the substrate thickness t, and the 
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crystal orientation-dependent anisotropic etchant employed. When a (100) silicon substrate is used, the opening length 
d is approximately given by 

d ~ (D - 2tAan(54.7°) + 2Rt/sin(54.7°)) (1) 

5 

where R is the ratio of the etching rate for the (1 1 1) surface to that for the (100) surface. Thus it is possible to obtain 
cantilever having a desired length simply by controlling the opening length D to a proper value depending on the mate- 
rial of the cantilever and the thickness of the substrate. Therefore, it is possible to produce a cantilever having a desired 
resonance frequency and a spring constant In a similar manner, it is also possible to produce a nozzle having a desired 

10 orifice diameter. As described above, various devices having a cantilever or a nozzle on the surface of a substrate can 
be produced by etching a silicon substrate from its back side using a crystal orientation-dependent anisotropic etchant 
thereby forming a through-hole. In both examples described above, the length of the cantilever and the diameter of the 
orifice are determined by the opening length. 

However, silicon wafers vary in thickness and orientation flat indicating the crystal axis, from wafer to wafer and 

is from lot to lot, due to variations in production conditions. For example, the wafer-to-wafer and lot-to-lot variations of 4 
inch diameter silicon wafers are 500 tun to 525 pm in thickness (thickness variation At = 25(im) and ±0.4° in crystal axis. 
Thus, when a (100) wafer with a diameter of 4 inches is used, a variation Ad of about 35 urn occurs in the opening length 
of the through-hole measured at the surface of the substrate due to the thickness variation At, from wafer to wafer or 
from lot to lot. 

20 Because the back side opening is patterned with respect to the orientation flat, the variation in the orientation flat 
angle results in a variation in the angle of the back side opening. Therefore, in the case where there is a variation in the 
orientation flat angle of the order described above, if a through-hole having an opening length of 1000 pir\ measured at 
the surface is produced, a variation of about 1 2 urn can occur in the opening length from wafer to wafer or from lot to lot. 
As described above, when the through-hole is formed by etching the silicon substrate from its back surface, a var- 

25 iation Ad occurs in the opening length due to the variations in production parameters such as substrate thickness and 
orientation flat angle. As a result, when a cantilever is produced, the opening length variation Ad causes a variation of 
order of a few ten urn in the length of the cantilever. Therefore, the mechanical characteristics such as resonance fre- 
quency and spring constant of the produced cantilever vary from substrate to isubstrate. This makes it difficult to pro- 
duce a cantilever without encountering wafer-to-wafer variations in the mechanical characteristics. 

so KOH and EDP used as a crystal orientation-dependent anisotropic etchant are highly toxic and difficult to deal with. 
To avoid the problem of toxicity, TMAH (tetramethyl ammoniumhydoroxide) has come to be used recently instead of 
KOH or EDP. TMAH is low in toxicity and contains no metal ions, and thus it is an excellent etchant having good com- 
patibility with LSI processes. TMAH has a property that the ratio R of the etching rate for a (100) surface of silicon to 
that for a (1 1 1) surface varies with the concentration of TMAH (U. Schnakenberg et al., "TMAHW Etchants for Silicon 

35 Micromachining", The 6th International Conference on Solid-State Sensors and Actuators, Transducers 91, 1991, pp. 
81 5-81 8). For example, when the concentration of TMAH is 22 wt%, the etching rate ratio R will be 0.03, while the etch- 
ing rate ratio R will be 0.05 when the concentration of TMAH is 10 wt%. If such a variation in the etching rate ratio R is 
taken into account in equation (1), it can be seen that an opening length variation Ad of 27 ^im occurs owing to the var- 
iation in the TMAH concentration when the substrate thickness is maintained at 525 urn. This means that when a 

40 through-hole is produced using TMAH, the variation in the opening length d is affected not only by the variations in the 
substrate thickness and the orientation flat angle but also by the variation in the concentration of the etchant, and thus 
the variation in the opening length becomes greater. 

One known technique of producing a nozzle having a desired opening length on a silicon substrate is to form a 
high-concentration p-type diffusion layer on the silicon substrate (E. Bassous, "Fabrication of Novel Three-Dimensional 

45 Microstructures by the Anisotropic Etching of (1 00) and (1 1 0) Silicon", IEEE Trans, on Electron Devices, Vol. ED-25, No. 
10,1978, p. 11 78-). This technique utilizes the property that a p-type diffusion layer with an impurity concentration 
higher than 7 x 10 19 cm" 3 is not etched by a crystal orientation-dependent anisotropic etchant. In this technique, an ori- 
fice is formed as follows. First, a silicon dioxide film is formed on a silicon substrate. The silicon dioxide film is then pat- 
terned into the shape of an orifice. Boron (B) is diffused into the substrate to a high impurity level thereby forming a p- 

so type diffusion layer. Another silicon dioxide layer is then formed thereon, and an opening is formed in the silicon dioxide 
film on the back surface of the substrate. Subsequently, the silicon substrate is etched by a crystal orientation-depend- 
ent anisotropic etchant thereby forming a nozzle surrounded by (1 1 1) surfaces of the silicon substrate and a membrane 
of p-type diffusion layer having an orifice. Although this technique is capable of producing a high-precision orifice, this 
technique has a problem that the thickness of the membrane is as small as 3 nm. To increase the thickness of the mem- 

55 brane, high-concentration ion implantation is required, and thus a long time is required to perform ion implantation. Fur- 
thermore, a long diffusion time is required to achieve a thicker diffusion layer. For example, to obtain a diffusion layer 
with a thickness of 15 to 20 urn, impurity ions should be implanted to a level of as high as 1 x 10 16 or higher atoms/cm 2 . 
Furthermore, it is also required to perform diffusion at 1175°C for a time as long as 15 to 20 hours. This results in a 
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reduction in productivity. If a silicon substrate is subjected to high-temperature treatment for a long time, crystal defects 
can occur in the bulk of silicon crystal or the defect density increases. The crystal defects can cause anomalous etching 
to the (1 1 1) surfaces during the crystal orientation-dependent anisotropic etching process, thus causing defamation of 
the shape of the opening end from the ideally linear shape. As a result, a variation occurs in the opening length d meas- 
ured at the surface of the substrate. 

When an electronic circuit is integrated on a silicon substrate, it is required to perform a heat treatment at a tem- 
perature for a time similar to those described above so as to form an nMOS well and an insulating diffusion layer. The 
density of crystal defects generated during heat treatment varies across a wafer and varies from lot to lot. Such a vari- 
ation in the defect density can cause a variation in the opening length d from opening to opening. When a microme- 
chanical device and an electronic device are integrated together, crystal defects can cause deformation of the shape of 
the opening end at the surface of the substrate from the ideally linear shape. Another problem of this technique is that 
it is impossible to form a diffusion layer below a previously-formed device such as a piezoresistance cantilever on an 
SOI substrate. 

In view of the above-described problems in the conventional techniques, the object of the present invention is to 
provide a method of producing a through-hole, a substrate used to produce a through-hole, a substrate having a 
through-hole, and a device using such a through-hole or a substrate having such a through-hole, which are character- 
ized in that: 

(1) A through-hole can be produced only by etching a silicon substrate from its back side; 

(2) The opening length d can be precisely controlled to a desired value regardless of the variation in the silicon 
wafer thickness from wafer to wafer or from lot to lot; 

(3) The opening length d can be precisely controlled to a desired value regardless of the variation in the orientation 
flat angle from wafer to wafer or from lot to lot; 

(4) The opening length d can be precisely controlled to a desired value regardless of the type of a silicon crystal 
orientation-dependent anisotropic etchant employed; 

(5) High productivity, high production reproducibility, and ease of production can be achieved; 

(6) A high-liberality can be achieved in the shape of the opening end even if temperature treatment is performed at 
a high temperature for a long time; and 

(7) A high-precision through-hole can be produced regardless of the shape of a device formed on the surface of a 
substrate. 

SUMMARY OF THE INVENTION 

According to an aspect of the invention, to achieve the above object, there is provided a method of producing a 
through-hole in a silicon substrate, the method comprising the steps of: (a) forming a dummy layer on the principal sur- 
face of the substrate at a location where the through-hole will be formed, the dummy layer being capable of being selec- 
tively etched without etching the material of the substrate; (b) forming a passivation layer having resistance to an 
etching process on the substrate in such a manner that the dummy layer is covered with the passivation layer; (c) form- 
ing an etching mask layer on the back surface of the substrate, the etching mask layer having an opening corresponding 
to the dummy layer; (d) etching the substrate by means of a crystal orientation-dependent anisotropic etching process 
until the dummy layer is exposed via the opening; (e) removing the dummy layer by etching the dummy layer from the 
part which has been exposed in the step of etching the substrate; and (f) partially removing the passivation layer so as 
to form a through-hole. 

According to another aspect of the invention, there is provided a method of producing a through-hole in a silicon 
substrate, the method comprising the steps of: (a) forming an epitaxial growth preventing layer for preventing epitaxial 
growth on a part of the substrate, and then forming an epitaxial layer on the substrate thereby forming a dummy layer 
capable of being selectively etched without etching the material of the substrate, the dummy layer being formed on the 
epitaxial growth preventing layer at a location where the through-hole will be formed; (b) forming a passivation layer hav- 
ing resistance to an etching process on the substrate such that the dummy layer is covered with the passivation layer; 
(c) forming an etching mask layer on the back surface of the substrate, the etching mask layer having an opening cor- 
responding to the dummy layer; (d) etching the substrate by means of a crystal orientation-dependent anisotropic etch- 
ing process until the epitaxial growth preventing layer is exposed via the opening; (e) removing the part of the epitaxial 
growth preventing layer exposed in the step of etching the substrate; (0 removing the dummy layer by etching it via the 
removed part of the epitaxial growth preventing layer; and (g) partially removing the passivation layer so as to form a 
through-hole. 

In the technique according to the present invention, the opening size of a through-hole produced is determined by 
a dummy layer formed on the surface of a substrate. Therefore, a high-precision through-hole can be produced by etch- 
ing a substrate from its back side without producing variation in the opening size and without producing a reduction in 
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linearity in the shape of the opening end regardless of the variations in the substrate thickness, the orientation flat 
angle, and the concentration of an etchant. If the dummy layer is formed in an embedded fashion in the substrate, a 
planar structure can be achieved on the surface of the substrate. Thus, the methods of producing a through-hole 
according to the present invention offer high productivity, ease in production, and high production reproducibility. 

5 

BRIEF PESCqipTION OF TH5 PRAWIN9S 

Fig. 1 is a cross-sectional view illustrating the processing steps of producing a through-hole according to a first 
embodiment of the invention; 

10 Fig. 2 is a cross-sectional view illustrating the pattern and the layout of an embedded dummy layer according to the 
first embodiment of the invention; 

Fig. 3 is a perspective view illustrating a through-hole according to the first embodiment of the invention; 

Fig. 4 is a cross-sectional view illustrating the processing steps of producing a through-hole according to a second 

embodiment of the invention; 

is Rg. 5 is a cross-sectional view illustrating the pattern and the layout of a dummy layer according to the second 
embodiment of the invention; 

Fig. 6 is a perspective view illustrating a through-hole according to the second embodiment of the invention; 
Rg. 7 is a cross-sectional view illustrating the pattern and the layout of an embedded dummy layer according to a 
third embodiment of the invention; 
20 Fig. 8 is a cross-sectional view illustrating the pattern and the layout of a dummy layer according to a fourth embod- 
iment of the invention; 

Fig. 9 is a cross-sectional view illustrating the processing steps of producing a thin-film cantilever using the method 
of producing a through-hole according to the present invention; 

Fig. 10 is a perspective view illustrating a thin-film cantilever according to a sixth embodiment of the invention; 
25 Fig. 1 1 is a cross-sectional view illustrating the processing steps of producing a thin-film cantilever using the 
method of producing a through-hole according to the present invention; 

Rg. 12 is a perspective view illustrating a thin-film cantilever according to a seventh embodiment of the invention; 
Rg. 13 is a cross-sectional view illustrating the processing steps of producing a piezoresistance cantilever accord- 
ing to an eighth embodiment of the invention; 
30 Fig. 14 is a cross-sectional view illustrating the processing steps of producing a piezoresistance cantilever accord- 
ing to the eighth embodiment of the invention; 

Rg. 15 is a cross-sectional view illustrating the processing steps of producing a piezoresistance cantilever accord- 
ing to a ninth embodiment of the invention; 

Fig. 16 is a cross-sectional view illustrating the processing steps of producing a piezoresistance cantilever accord- 
35 ing to the ninth embodiment of the invention; 

Rg. 17 is a schematic diagram illustrating an example of an ink-jet print head to which the present invention can be 
applied; 

Rg. 18 is a cross-sectional view illustrating the processing steps of producing an ink-jet print head according to a 
tenth embodiment of the invention; 
40 Rg. 19 is a cross-sectional view illustrating the processing steps of producing an ink-jet print head according to an 
eleventh embodiment of the invention; 

Rg. 20 is a cross-sectional view illustrating the main processing steps of producing a piezoresistance cantilever 
according to a conventional technique; 

Rg. 21 is a cross-sectional view illustrating the problems in producing a through-hole according to the conventional 
45 technique; 

Fig. 22 is a cross-sectional view illustrating the processing steps of producing an ink-jet print head according to a 
twelfth embodiment of the invention; and 

Fig. 23 is a cross-sectional view illustrating the processing steps of producing an ink-jet print head according to the 
twelfth embodiment of the invention. 

50 

DESCRIPTION QF THE PREFERR ED EMBODIMENTS 

The method of forming a through-hole according to the present invention will be described in further detail below 
with reference to preferred embodiments. 
55 In the present invention, a dummy layer is first formed on the surface of a silicon substrate before performing ani- 
sotropic etching. A passivation layer is formed on the principal surface of the substrate on which the dummy layer is 
formed, and the substrate is etched from its back surface. In the above etching process, the back surface of the sub- 
strate is covered with a mask layer having resistance to an etchant and having an opening so that the silicon substrate 
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is etched through the opening thereby forming a hole in the silicon substrate. The etching of the silicon substrate is per- 
formed using a crystal orientation-dependent anisotropic etchant such as KOH, EDP, TMAH, or hydrazine whose etch- 
ing rate varies depending on the crystal surface. As the etching process proceeds, the hole finally reaches the dummy 
layer. The dummy layer is then removed. To rapidly remove the dummy layer located between the silicon substrate and 

5 the passivation layer, the dummy layer is etched using an isotropic etchant. It is required that the above isotropic etchant 
should be such a type of etchant which does not attack the silicon substrate after the dummy layer has been etched so 
as to prevent the silicon substrate from being isotropically etched, which would make it impossible to control the opening 
length. After the above process, the passivation layer formed on the silicon substrate remains in the form of a mem- 
brane. The part of the passivation layer remaining at the end of the hole is then etched so as to form a through-hole. 

10 A preferable material used to form the dummy layer is polycrystalline silicon. The polycrystalline silicon film is excel- 
lent in compatibility with the LSI process and also excellent in process reproducibility, and thus it is suitable for use as 
the dummy layer. If the polycrystalline silicon film is employed as the dummy layer, the isotropic etchant used to etch 
the dummy layer may also be used as a crystal orientation-dependent etchant for etching the silicon substrate. This 
means that after etching the silicon substrate from its back surface via the opening, the dummy layer can be removed 

1 5 by the same etchant. This allows the process to be simplified. The thickness of the dummy layer may be set to any value 
within the range which can be realized in the form of a thin film. If the dummy layer is thin, it is difficult for the isotropic 
etchant to penetrate between the substrate and the passivation layer. However, it is possible to properly control the 
opening length using the dummy layer by alternately or simultaneously performing the etching of the dummy layer and 
the etching of the substrate. For example, when polycrystalline silicone with a thickness of a few hundred to a few thou- 

20 sand A is employed as the dummy layer, the isotropic etching of the dummy layer and the anisotropic etching of the sub- 
strate can be performed at the same time. 

The dummy layer may be formed on the silicon substrate by patterning the polycrystalline silicon layer on the silicon 
substrate into a desired shape using a photolithographic process and an etching process. Alternatively, the dummy 
layer may be formed by partially altering the crystallinity or material property of the silicon substrate into a porous prop- 

25 erty thereby forming an embedded dummy layer in the silicon substrate. A specific method of forming such an embed- 
ded dummy layer will be described below. A porous silicon may be formed by partially anodizing the silicon substrate 
as follows. A platinum electrode and a silicon substrate coated with a film such as a silicon nitride film or a resist having 
resistance to hydrofluoric acid are immersed in a vessel containing 5 to 50 vol% hydrofluoric acid. The film having 
resistance to hydrofluoric acid is partially removed in advance such that a desired part of the silicon substrate to be con- 

30 verted into porous silicon is exposed. The platinum electrode is connected to the positive electrode of a power supply 
and the silicon substrate is connected to the negative electrode thereof, and a current of 5 to a few hundred mA/cm 2 is 
passed so that the exposed portion of the silicon substrate is converted to porous silicon at a rate of 0.5 to 10 ^m/min. 
Alternatively, the silicon substrate may be placed in a vessel having two sections in such a manner that the both sur- 
faces of the silicon substrate are in contact with hydrofluoric acid in different sections isolated from each other, and a 

35 current may be passed between electrodes placed in the respective sections. In this case, there is no need to attach an 
electrode directly to the silicon substrate. In this way, the portion of the silicon substrate exposed via the window of the 
film having resistance to hydrofluoric acid is converted to porous silicon. Depending on reacting conditions, materials 
which can be employed to form the film having resistance to hydrofluoric acid include Cr, Cu, Ag, Pd, Au, Pt. silicon 
nitride, and amorphous silicon. An impurity diffusion layer having an opposite polarity to that of the substrate may be 

40 formed on the substrate so that the impurity diffusion layer serves as a corrosion resistant layer during the anodization 
process in which a voltage is applied to the substrate (K, Imai, Solid-State Electronics, Vol. 24, pp. 159-164). 

The porous layer formed in the above-described manner can be selectively etched quickly by a proper etchant such 
as aqueous sodium hydroxide or hydrofluoric acid having a different etching rate for porous silicon from that for the sil- 
icon substrate such that only the porous layer is removed without etching the other part of the silicon substrate. More 

45 specifically, the hydrofluoric acid-based etchants which can be used to etch the porous silicon include hydrofluoric acid 
+ hydrogen peroxide (H 2 0 2 ), hydrofluoric acid + H 2 0 2 + alcohol, buffered hydrofluoric acid (mixture of HF and NH 3 F), 
buffered hydrofluoric acid + H 2 0 2 , and buffered hydrofluoric acid + H 2 0 2 + alcohol. Alternatively, a crystal orientation- 
dependent etchant used to etch silicon may also be used as an etchant for isotropically etching porous silicon. If such 
an etchant is employed, it is possible to isotropically etch the embedded dummy layer with the same etchant after etch- 

50 ing the silicon substrate. 

As for the embedded layer, in addition to the material described above, a silicon dioxide layer obtained by thermally 
oxidizing porous silicon formed on the silicon substrate may also be employed. The oxidation rate for porous silicon is 
100 or more times greater than that for single-crystal silicon (H. Takai and T. (ton, "Porous silicon layers and its oxide 
for the silicon-on-insulator structure M , J. Appl. Phys., Vol. 60, pp. 222-225, 1986), and therefore it is possible to form a 

55 dummy layer of silicon dioxide by oxidizing porous silicon formed in an embedded fashion in a silicon substrate. Also in 
this case, an opening with a desired size can be formed on the surface of the substrate by anisotropically etching the 
silicon substrate via a mask layer until the etched hole reaches the embedded dummy layer of silicon dioxide and then 
etching the embedded dummy layer using a hydrofluoric acid-based etchant. 
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Alternatively, polycrystaJllne silicon having crystallinity different from that of the silicon substrate and embedded in 
a part of the silicon substrate may be employed as the dummy layer. The polycrystalline silicon can be formed as fol- 
lows. First, an epitaxial growth preventing layer for preventing an epitaxial layer from growing is formed on a part of a 
silicon substrate. If silicon epitaxial growth is then performed on the substrate, a polycrystalline silicon layer serving as 

5 a dummy layer is formed on the epitaxial growth preventing layer while a silicon epitaxial layer is formed on the other 
part of the substrate. Polycrystalline silicon can be etched in an isotropic fashion using an etchant which serves as a 
crystal orientation-dependent anisotropic etchant to silicon. As for the epitaxial growth preventing layer, any polycrys- 
talline or amorphous layer may be employed as long as it has the ability of preventing the growth of an epitaxial layer 
and has resistance to the high growth temperature. More specifically, materials which have good compatibility with sili- 

10 con semiconductor processes and which are suitable for the above purpose include silicon dioxide, silicon nitride, and 
polycrystalline silicon. In particular, silicon dioxide and silicon nitride films have high etching resistance to anisotropic 
etchants. Therefore, when the substrate is etched via the opening, the silicon dioxide or silicon nitride film also servers 
as an etching stopper layer at which the etching is stopped. Furthermore, the silicon dioxide or silicon nitride film also 
serves to prevent silicon under the dummy layer from being etched when the embedded dummy layer is isotropically 

is etched by the etchant having anisotropic property to silicon. 

When the silicon substrate employed contains crystal defects generated during a high temperature process, the 
(111) surfaces are etched in an anomalous fashion during the anisotropic etching process due to the crystal defects. 
However, if the embedded dummy layer is employed, it is possible to obtain a through-hole having a precisely controlled 
opening length d with substantially no variation in the opening length. 

20 The sizes of the opening and the dummy layer are selected so that when the substrate is etched from its back sur- 
face via the opening, the opening size of the resultant hole measured at the surface of the substrate is smaller than the 
size of the dummy layer. This setting of the sizes makes it possible to precisely control the opening length by means of 
the dummy layer. When a (100) silicon substrate is employed, the length d1 of the dummy layer (refer to Fig. 2) should 
be in a particular range as described below relative to the value d in equation (1): 

25 

d1>d (2) 

In the case where the crystal orientation of the silicon substrate is offset from the (100) by an angle of a (°), the 
length d1 of the porous silicon layer should be in the range described below. 

30 

d1 > (D - t/tan(54.7° + a) - t/tan(54.7° - a) + Rt/sin(54.7° + a) + Rt/sin(54.7° - a)) (3) 

In equation (3), the angle a in trigonometric functions is uniquely determined from the offset angle of the orientation 
of the substrate surface relative to (1 1 1). The present invention is also effective when a silicon substrate having another 
35 crystal orientation is employed. 

In the through-hole produced in accordance with the present invention, the diameter d' of the opening at the prin- 
cipal surface of the substrate (on which a functional device such as a cantilever or an ink nozzle is formed) has the fol- 
lowing relationship with other parameters 

40 d' > (D - 2t/tan(54.7°)) (4) 

where D* is the opening diameter, measured at the back surface, of the through-hole formed by the anisotropic etching, 
and t is the thickness of the silicon substrate. As can be seen from inequality (4), it is possible to obtain a desired open- 
ing diameter at the principal surface of the substrate using a back-side opening which is not significantly large. This 

45 allows a reduction in the size of the substrate and an improvement in the mechanical strength of the substrate. 

In the present invention, in the case where a passivation layer is formed on a dummy layer, a membrane of passi- 
vation layer is formed when the dummy layer is etched. The passivation film is made of a material having resistance to 
the crystal orientation-dependent anisotropic etchant and also to the isotropic etchant used to etch the dummy layer. 
This allows various types of devices to be formed on the surface of the substrate. The passivation layer may be formed 

so using a known technique such as vacuum evaporation, sputtering, chemical vapor deposition, plating, or thin film coat- 
ing technique. 

A nozzle for supplying gas or liquid can be realized using a substrate with a through-hole formed in accordance with 
the method of the present invention. If a heating resistor, a flow path, and a nozzle are further formed on the surface of 
the substrate, then an ink-jet print head with a through-hole serving as an ink emission opening can be realized. 
55 Furthermore, in the present invention, a cantilever for use in a scanning probe microscope can be produced by 
forming a thin-film cantilever on a dummy layer on the surface of a substrate via a passivation layer and then forming a 
through-hole by etching the substrate from its back side. 
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Specif jg eirt>o0irnente 

The present invention will be described in further detail below with reference to specific embodiments associated 
with a through-hole, a method of producing a through-hole, and a device produced using such a through-hole, in con- 
s junction with Figs. 1 to 22. 

First Embodiment 

Fig. 1 is a cross-section view illustrating the processing steps of producing a through-hole according to the present 

w invention. Fig. 2 is a top view and cross-sectional view of a substrate on which there is provided a porous silicon layer 
serving as an embedded dummy layer 1 1 by which the through-hole is produced. Fig. 3A is a perspective view illustrat- 
ing an example of the characteristic structure of a through-hole seen from its cross section. As shown in Figs. 3A and 
3B, the through-hole according to the present invention is characterized in that it has a bent shape in cross section 
unlike the conventional through-hole shown in Fig. 20 having a trapezoidal shape in cross section. With the method 

is according to the invention, it is possible to control the cross-sectional shape of the through-hole as shown in Figs. 3A 
and 3B by properly changing the etching time. This makes it possible to control the fluid conductance of a nozzle sur- 
rounded by the (1 1 1) crystal surfaces to a desired value. 

The method of producing a through-hole according to the present invention will be described below with reference 
to Fig. 1 . Using an LPCVD (low pressure chemical vapor deposition) technique, a 1 00 nm thick silicon nitride film 9 serv- 

20 ing as a hydrofluoric acid-resistant film was formed on a p-type (1 00) silicon substrate 1 0 having a thickness of 525 nm 
and a resistivity of 0.02 Cl • cm. The silicon nitride film 9 was subjected to reactive ion etching using CF 4 gas through a 
patterned photoresist mask formed by a photolithographic process. The photoresist was then removed so that the sili- 
con was exposed as shown in Fig. 1 A. A layer 1 1 used to form a porous silicon layer was formed as follows. First, the 
silicon substrate 10 on which the silicon nitride film 9 was formed was anodized in a solution of hydrofluoric acid (49%): 

25 water: ethanol = 1:1:1. The anodization was performed by passing a current of 30 mA/cm 2 between the silicon sub- 
strate and the opposing electrode. In the above anodization process, porous silicon was formed at a rate of 2 uxn/min 
until a porous silicon layer with a thickness of 1 0 jim serving as the embedded dummy layer was formed. Subsequently, 
the silicon nitride film 9 was removed (Fig. 1B). In this embodiment, the pattern of the embedded dummy layer was 
selected such that it had the shape of a square each side of which has a length of d1 . 

30 A passivation film 1 2 and a silicon nitride film both having a thickness of 500 nm were formed by means of LPCVD 
on the principal surface and the back surface, respectively, of the substrate, wherein the silicon nitride film was to serve 
in the subsequent process step as a mask layer 13 through which the silicon substrate 1 0 would be etched by a crystal 
orientation-dependent etchant. The mask layer 1 3 on the back surface of the substrate was partially removed by means 
of reactive ion etching using CF 4 gas through a photoresist formed by a photolithographic process thereby forming an 

35 opening 14 in the mask layer 13 as shown in Fig. 1C so that the silicon surface was exposed through the opening 14 of 
the mask layer 13. The photoresist was then removed. Fig. 2 illustrates the pattern of the opening 14 seen from the 
upper side of the substrate. In this embodiment, as shown in Fig. 2, the opening has a square shape each side of which 
has a length of D. The opening length D was determined so that the length 8 of each side of a square represented by 
a broken line in the top view of Fig. 2, which would be obtained at the principal surface of the silicon substrate if the 

40 silicon substrate were etched thoroughly through it by a crystal orientation-dependent anisotropic etchant, was smaller 
than the length d1 of the porous silicon layer serving as the dummy layer. 

After removing the photoresist, the silicon substrate was subjected to crystal orientation-dependent anisotropic 
etching using an aqueous solution of 27% potassium hydroxide (KOH) at a solution temperature of 90°C so as to form 
a pyramid-shaped hole surrounded by (111) crystal surfaces (Fig. 1D). The etching was continued further until the 

45 porous silicon serving as the embedded dummy layer 1 1 was isotropicaily etched and removed by the aqueous solution 
of KOH and a membrane of passivation film 1 7 was formed (Fig. 1 E). Subsequently, the membrane of passivation film 
was removed by performing reactive ion etching from the back side of the substrate thereby forming a through-hole 19 
(Fig. 1F). 

To investigate the influence of the thickness of the substrate, a through-hole was also formed using a (100) silicon 
so substrate with a thickness of 500 urn by forming a similar porous silicon layer and a similar opening. The result has 
revealed that the opening has a similar size measured at the principal surface of the silicon substrate regardless of the 
thickness of the substrate. In this method of producing a through-hole according to the invention, as described above, 
the length d of the opening (Fig. 3A, 6 = 54.7°) is determined by the length d1 of the embedded dummy layer, and the 
variation in the substrate thickness does not cause a variation in the length of the opening at the primary surface of the 
55 substrate. 

In Fig. 1E, in the case where the crystal orientation-dependent anisotropic etching was continued further without 
being stopped, the outward-projecting portion of the substrate was etched after the embedded dummy layer was 
removed, and the resultant through-hole had a shape surrounded by (1 1 1) crystal surfaces shown in Fig. 3C. Also in 
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the through-hole having such a cross-sectional shape, the opening length d was not affected by the variation in the sub- 
strate thickness. 

Furthermore, in this method of producing a through-hole according to the invention, the variation in the opening 
length D does not cause a variation in the opening length d as long as the variation in the opening length D is within a 
5 certain range. The allowable range of D is such a range which satisfies the following relationship. 

(d1 - 5) > 0 (5) 

Second Embodiment 

10 

Fig. 4 is a cross-sectional view illustrating the processing steps of producing a through-hole according to the 
present invention. Fig. 5 is a top view and cross-sectional view of a substrate on which there is provided a porous silicon 
layer serving as a dummy layer 1 1 by which the through-hole is produced. Fig. 6A is a perspective view illustrating an 
example of the characteristic structure of a through-hole seen from its cross section. As shown in Figs. 6A to 6C, the 

15 through-hole according to the present invention is characterized in that it has a bent shape in cross section unlike the 
conventional through-hole shown in Fig. 20 having a trapezoidal shape in cross section. In the production method 
according to the invention, it is possible to form the through-hole into a desired shape in cross section by controlling the 
etching time such that the cross section has either an outward-bent shape or an inward-bent shape as shown in Figs. 
6A to 6C. This makes it possible to control the fluid conductance of a nozzle surrounded by (1 1 1) crystal surfaces to a 

20 desired value, which could not be achieved by the conventional technique. 

The method of producing a through-hole according to the second embodiment of the invention will be described 
below with reference to Fig. 4. A silicon nitride film having a thickness of 500 nm was formed by means of LPCVD (low 
pressure chemical vapor deposition) on the principal surface and the back surface of a (1 00) silicon substrate 1 0 having 
a thickness of 525 \um, wherein the silicon nitride film was to serve in the subsequent process step as a mask layer 13 

25 through which the silicon substrate 10 would be etched from its back side by a crystal orientation-dependent etchant. 
The mask layer 13 on the back surface of the substrate was partially removed by means of reactive ion etching using 
CF 4 gas through a photoresist formed by a photolithographic process thereby forming an opening 1 4 in the mask layer 
13 so that the silicon surface was exposed through the opening 14 of the mask layer 13. The photoresist was then 
removed. After removing the silicon nitride film from the surface of the substrate by means of reactive ion etching using 

30 CF 4 gas, a thin Cu film serving as a dummy layer 1 1 was deposited to a thickness of 3 \im. The thin Cu film was then 
etched by aqueous ferric chloride (20%) through a photoresist formed by a photolithographic process. After completion 
of the etching, the photoresist was removed. Thus, the dummy layer 1 1 was formed as shown in Fig. 4A. Fig. 5 illus- 
trates the pattern of the dummy layer seen from the upper side of the substrate. In this embodiment, as shown in Fig. 
5, the pattern of the dummy layer has a square shape each side of which has a length of d 1 . The length D of the opening 

35 1 4 was determined so that the length 8 of each side of a square represented by a broken line in the top view of Fig. 5. 
which would be obtained at the principal surface of the silicon substrate when the silicon substrate was etched thor- 
oughly through it by a crystal orientation-dependent anisotropic etchant, was smaller than the length d1 of the porous 
silicon layer serving as the dummy layer. 

A 500 nm amorphous silicon nitride (a-SiN) film serving as a passivation film 12 was then formed (Fig. 4A). 

40 After removing the photoresist, the silicon substrate was subjected to crystal orientation-dependent anisotropic 
etching using an aqueous solution of 27% potassium hydroxide (KOH) at a solution temperature of 90°C so as to form 
a pyramid-shaped hole surrounded by (11 1) crystal surfaces (Fig. 4C). The Cu dummy layer exposed via the pyramid- 
shaped hole was removed by means of isotropic etching using aqueous ferric chloride (20%) (Fig. 4D). Subsequently, 
the part of silicon which had been covered by the dummy layer was etched by means of a crystal orientation-dependent 

45 anisotropic etching process using an aqueous solution of KOH thereby forming a membrane of passivation film (Fig. 
4E). The membrane of passivation film was then removed by performing ion etching using CF 4 gas from the back side 
of the substrate thereby forming a through-hole (Fig. 4F). 

In Fig. 4E, in the case where the crystal orientation-dependent anisotropic etching was further continued, the out- 
ward-projecting portion in cross section of the substrate was etched and thus the resultant through-hole had a vertical 

so side wall below the dummy layer as shown in Fig. 6B. When the etching was further continued, the resultant through- 
hole had a shape surrounded by (1 1 1) crystal surfaces as shown in Fig. 6C. Also in the through-hole having such a 
cross-sectional shape, the opening length d was not affected by the variation in the substrate thickness. 

Third Embodiment 

55 

Fig. 7 is a top view and cross-sectional view of a substrate on which an embedded dummy layer was formed in 
accordance with the third embodiment of the present invention. In this embodiment, as shown in Fig. 7, the pattern of 
the embedded dummy layer seen from the upper side of the substrate has the shape of a square each side of which 
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has a length of d2. A though-hole was produced using a similar process to that employed in the first embodiment except 
that a back-side opening was formed such that it is offset from the (1 10) orientation by an angle of a. In this specific 
embodiment, a was set to 1°. d2 and 5 determined by the size of the back-side opening have relationship given by 
replacing d1 in inequality (3) by d2. 

s At the principal surface of the substrate, the opening part of the produced through-hole had the shape of a square 
each side of which had a length d substantially equal to d2. That is, the length d was determined by the shape of the 
embedded dummy layer without being affected by the angle a. According to the method of producing a through-hole of 
the present embodiment, as described above, it is possible to obtain a through-hole having an opening length precisely 
controlled to a desired value d regardless of the variation in the orientation flat angle from wafer to wafer or from lot to 

10 lot. 

Fourth embodiment 

Fig. 8 is a top view and cross-sectional view of a substrate on which a dummy layer used in the present invention 
is was formed. In this embodiment, the dummy layer was formed so that its pattern seen from the upper side of the sub- 
strate had the shape of a circle with a diameter d1 , and a through-hole was produced using a process similar to that 
employed in the second embodiment except that an opening was formed in the mask layer on the back surface of the 
substrate such that the orientation of the opening had a deviation from the (110) crystal orientation by an angle of a. In 
this specif ic embodiment, a was set to 1 °. 
20 At the principal surface of the substrate, the opening end of the produced through-hole had the shape of a square 
each side of which had a length d as represented by a two-dot chain line in Fig. 8, and thus the length d was determined 
by the diameter of the embedded dummy layer without being affected by the angle a. According to the method of pro- 
ducing a through-hole of the present embodiment, as described above, it is possible to obtain a through-hole having an 
opening length precisely controlled to a desired value d regardless of the variation in the orientation flat angle from 
25 wafer to wafer or from lot to lot. 

Fifth Embodiment 

The fifth embodiment of the method of producing a through-hole according to the present invention is described 
30 below. In this fifth embodiment, a through-hole was produced in a manner similar to that shown in Fig. 4 except that the 
dummy layer was made of polycrystalline silicon by means of LPCVD (low pressure chemical vapor deposition), and 
the passivation layer and the mask layer were made of silicon nitride by means of LPCVD. The silicon substrate was 
anisotropically etched using an aqueous solution of KOH so that the dummy layer was exposed. The etching was con- 
tinued further so that the dummy layer was isotropically etched by the aqueous solution of KOH and silicon under the 
35 dummy layer was etched by means of a crystal orientation-dependent anisotropic etching process thereby forming a 
membrane of passivation film similar to that shown in Fig. 4E. Subsequently, reactive etching was performed from the 
back side of the substrate using CF 4 gas so as to remove the passivation film thereby forming a through-hole similar to 
that shown in Fig. 4F. The opening length of the produced through-hole was similar to that obtained in the second 
embodiment, and the opening length d of the through-hole could be precisely controlled regardless of the materials of 
40 the dummy layers and passivation layers. 

gixth Embodiment 

In this embodiment, a thin-film cantilever was produced using a technique based on the method of producing a 
45 through-hole according to the invention. The produced thin-film cantilever can be used as a probe in an SPM. Fig. 10 
is a perspective view of the thin-film cantilever produced. Unlike the conventional thin-film cantilever supported by a sil- 
icon block having a cross-sectional shape whose contour is straight as represented by the broken line in Fig. 10, the 
silicon block 28 for sipporting the thin-film cantilever 26 in this embodiment has a bent contour in cross section. It is 
required that the silicon block should have a sufficiently large size so that it can be handled in the process of mounting 
so the cantilever on an AFM apparatus. With the technique of producing a thin-film cantilever according to the invention 
disclosed herein with reference to Fig. 10, it is possible to obtain a cantilever having a desired length using a rather 
small opening compared to that employed in the conventional technique, and thus it is possible to reduce the chipping 
size of the silicon block This makes it possible to produce a greater number of cantilevers from one silicon wafer and 
thus the production cost per probe can be reduced. The method of producing the cantilever employed in this embodi- 
55 ment of the invention will be described below with reference to Fig. 9. Porous silicon 27 was formed on an n-type (100 ) 
silicon substrate 20 having a thickness of 525 urn and a resistivity of 0,02 n • cm in a manner similar to that employed 
in the first embodiment (Fig. 9A). The silicon substrate 20, on which the porous silicon 27 was formed, was then ther- 
mally oxidized using oxidization gas so that an embedded dummy layer 21 of silicon dioxide was formed. When the 
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embedded dummy layer was formed, a silicon dioxide layer was also formed in the other area on the silicon substrate 
(Fig. 9B). In this embodiment, this silicon dioxide layer was employed as a passivation layer 22. 

Subsequently, silicon nitride films serving as a structure layer 25 and as a mask layer 23 used in a later step to etch 
the silicon substrate 20 from its back side by means of a crystal orientation-dependent anisotropic etching process were 

s formed to thickness of 500 nm by means of LPCVD (Fig. 9C). The mask layer 23 on the back surface of the substrate 
was subjected to reactive ion etching using CF 4 gas via a photoresist mask formed by a photolithographic process, and 
the photoresist was then removed thereby forming an opening 24 in the mask layer 23 so that the silicon substrate was 
exposed via the opening 24. The structure layer was patterned into the shape of a thin-film cantilever 26 using a proc- 
ess similar to that employed to form the opening 24 (Fig. 9D). 

10 The silicon substrate 20 was etched by an aqueous solution of 22% TMAH serving as a crystal orientation-depend- 
ent anisotropic etchant at a solution temperature of 80°C so as to form a trapezoidal-shaped hole surrounded by (111) 
crystal surfaces (Fig. 9E). The embedded dummy layer 21 was removed by means of etching with buffered hydrofluoric 
acid so as to form a through-hole 29 (Fig. 9F). Finally, the silicon substrate was separated into silicon blocks 28 so as 
to obtain thin-film cantilevers having the structure shown in Fig. 10. 

is To investigate the effects of the concentration of the aqueous solution of TMAH used as the etchant a silicon sub- 
strate having the same structure as that shown in Fig. 9E was also etched by means of a crystal orientation-dependent 
anisotropic etching process using an aqueous solution of 10% TMAH at a solution temperature of 80°C, and was then 
formed into the shape of a thin-film cantilever in the subsequent process shown in Fig. 9F. The result showed that a 
through-hole having a similar size could be obtained regardless of the concentration of the crystal orientation-depend- 

20 ent anisotropic etchant. Thus, according to the method of the present invention disclosed in this embodiment, it is pos- 
sible to precisely control the opening length of the through-hole thereby obtaining a thin-film cantilever having a length 
precisely controlled to a desired value. 

Seventh Embodiment 

25 

In this embodiment, a thin-film cantilever was produced using a technique based on the method of producing a 
through-hole according to the invention. The produced thin-film cantilever can be used as a probe in an SPM. Fig. 12 
is a perspective view of the thin-film cantilever produced. Unlike the conventional thin-film cantilever supported by a sil- 
icon block having a cross-sectional shape whose contour is straight as represented by the broken line in Rg. 12, the 

30 silicon block 28 for supporting the thin-film cantilever 26 in this embodiment has a bent contour in cross section. It is 
required that the silicon block should have a sufficiently large size so that it can be handled in the process of mounting 
the cantilever on an AFM apparatus. With the technique of producing a thin-film cantilever according to the invention 
disclosed herein with reference to Fig. 12, it is possible to obtain a cantilever having a desired length using a rather 
small opening compared to that employed in the conventional technique, and thus it is possible to reduce the chipping 

35 size of the silicon block This makes it possible to produce a greater number of cantilevers from one silicon wafer and 
thus the production cost per probe can be reduced. 

The method of producing the cantilever employed in this embodiment of the invention will be described below with 
reference to Fig. 1 1 . A polycrystalline silicon film serving as a dummy layer 21 with a thickness of 500 nm was formed 
by means of LPCVD (low pressure chemical vapor deposition) on the principal surface of a <100> silicon substrate 20 

40 having a thickness of 525 nm. The polycrystalline silicon film was subjected to reactive ion etching using CF 4 gas via a 
photoresist mask formed by a photolithographic process. After completion of the reactive ion etching, the photoresist 
was removed. Thus, the dummy layer 21 was obtained. 

The silicon substrate 20 was then thermally oxidized in oxidization gas so as to form a passivation film 22 with a 
thickness of 300 nm on the surface of the substrate and also on the surface of the dummy layer (Rg. 1 1B). Subse- 

45 quently, silicon nitride films serving as a structure layer 25 and as a mask layer 23 used in a later step to etch the silicon 
substrate 20 from its back side by means of a crystal orientation-dependent anisotropic etching process were formed 
to thickness of 500 nm by means of LPCVD (Fig. 1 1C). The mask layer 23 on the back surface of the substrate was 
subjected to reactive ion etching using CF 4 gas via a photoresist mask formed by a photolithographic process, and the 
photoresist was then removed thereby forming an opening 24 in the mask layer 23 so that the silicon substrate was 

so exposed via the opening 24. The structure layer was patterned into the shape of a thin-film cantilever 26 using a proc- 
ess similar to that employed to form the opening 24 (Fig. 11 D). 

The silicon substrate 20 was etched by an aqueous solution of 22% TMAH serving as a crystal orientation-depend- 
ent anisotropic etchant at a solution temperature of 80°C so as to form a trapezoidal-shaped hole surrounded by (1 1 1) 
crystal surfaces. The etching was continued further so that the dummy layer 21 was isotropically etched by the aqueous 

55 solution of TMAH and silicon under the dummy layer was etched in a crystal orientation-dependent anisotropic fashion 
(Fig. 1 1 E) thereby forming a membrane of passivation film after completely removing the dummy layer (Fig. 1 1 F). Sub- 
sequently, the passivation film 22 was etched using an aqueous solution of HF so as to remove the membrane 27 
thereby forming a through-hole (Fig. 1 1G). Finally, the silicon substrate was separated into silicon blocks 28 so as to 
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obtain thin-film cantilevers (refer to Fig. 12). 

To investigate the effects of the concentration of the aqueous solution of TMAH used as the etchant, a silicon sub- 
strate having the same structure as that shown in Fig. 11 D was also etched in a crystal orientation-dependent aniso- 
tropic fashion using an aqueous solution of 1 0% TMAH at a solution temperature of 80°C. and was then formed into the 
5 shape of a thin-film cantilever in the subsequent processing steps shown in Figs. 1 1 E to 1 1 F. The result showed that a 
through-hole having a similar size could be obtained regardless of the concentration of the crystal orientation-depend- 
ent anisotropic etchant. Thus, according to the method of the present invention disclosed in this embodiment, it is pos- 
sible to precisely control the opening length of the through-hole thereby obtaining a thin-film cantilever having a length 
controlled to a desired value. 

10 

Eighth Embodiment 

In this embodiment a piezoresistance cantilever was formed on an SOI substrate having the structure shown in 
Fig. 20, using the method of producing a through-hole according to the present invention. Figs. 13 and 14 illustrate the 

is processing steps of producing the piezoresistance cantilever, wherein these figures include top views and cross-sec- 
tional views taken along lines represented in the top views. 

In this embodiment, an SOI wafer 50 similar to that shown in Rg. 20, comprising a p-type silicon substrate 51 and 
a silicon dioxide layer 52 and an n-type silicon layer 53 formed on the substrate 51 , was employed (Fig. 13A). The n- 
type silicon layer 53 was partially removed as shown in Fig. 13B by means of reactive ion etching using CF 4 gas in con- 

20 junction with a photolithographic process so that the silicon dioxide layer 52 was partially exposed. The exposed portion 
of the silicon dioxide layer 52 was then etched using buffered hydrofluoric acid. Using the n-type silicon layer 53 as a 
mask (represented by a solid line in Fig. 138) having resistance to hydrofluoric acid, anodization was performed using 
the p-type silicon substrate 51 as an electrode so as to form a porous silicon layer 59 to a depth of 30 urn (as repre- 
sented by the hatched area in Fig. 13B). The anodization was performed for a sufficiently long time so that the porous 

25 silicon region extended in a lateral direction and thus the regions of the p-type silicon substrate below the portion of the 
n-type silicon layer which would become the cantilever were also converted to porous silicon. Subsequently, boron (B) 
was implanted and diffused into the n-type silicon layer so as to form a resistor 55 (Fig. 13C). The n-type silicon layer 

53 and the silicon dioxide layer 52 were then patterned into the form of a cantilever by means of etching in conjunction 
with a photolithographic process. The porous silicon layer 59 was then thermally oxidized in oxidization gas so as to 

30 form a silicon dioxide layer serving as an embedded dummy layer 61 . When the embedded dummy layer was formed, 
the surface of the resistor 55 and the back surface of the silicon substrate were also oxidized and thus a thin silicon diox- 
ide film 57 and a silicon dioxide layer 54 were also formed. An opening 56 for use in an anisotropic etching process was 
formed in the silicon dioxide layer 54 on the back surface of the silicon substrate (Rg. 13D). A contact hole was then 
formed in the thin silicon dioxide film 57, and an Al metal electrode 58 was formed (Rg. 14E). The p-type silicon sub- 

35 strate was anisotropically etched from its back side using EDP serving as a crystal orientation-dependent anisotropics 
etchant via the opening 56 until the embedded dummy layer 61 was exposed via a hole surrounded by (1 1 1) crystal 
surfaces (Fig. 14F). Subsequently, the membrane portion of the embedded dummy layer 61 was removed by means of 
etching using buffered hydrofluoric acid thereby forming a through-hole thus obtaining a piezoresistance cantilever (Rg. 
14Q). 

40 In the present invention, the opening length d of the through-hole measured at the surface of the substrate is deter- 
mined by the width d1 of the embedded dummy layer without being affected by the variations in the substrate thickness 
and the orientation flat angle. Therefore, it is possible to produce a cantilever with a desired length with high reproduc- 
ibility, and thus it is possible to produce a piezoresistance cantilever with small variations in mechanical characteristics 
such as the resonance frequency and the spring constant. 

45 

Ninth Embodiment 

In this embodiment, a piezoresistance cantilever was formed on an SOI substrate having the structure shown in 
Fig. 20, using the method of producing a through-hole according to the present invention. Figs. 15 and 16 illustrate the 

so processing steps of producing the piezoresistance cantilever, wherein these figures include top views and cross-sec- 
tional views taken along lines represented in the top views. 

In this embodiment, an SOI wafer 50 similar to that shown in Fig. 20, comprising a p-type silicon substrate 51 and 
a silicon dioxide layer 52 and an n-type silicon layer 53 formed on the substrate 51 , was employed (Fig. 1 5a). After form- 
ing a silicon dioxide film 54 by means of thermal oxidation, the silicon dioxide film on the principal surface of the SOI 

55 wafer was removed using an aqueous solution of HF 9 and boron (B) was implanted and diffused into the n-type silicon 
layer so as to form a resistor 55 (Fig. 15b). By means of etching in conjunction with a photolithographic process, the n- 
type silicon layer was patterned into the shape of a cantilever, and an opening 56 was formed in the silicon dioxide film 

54 on the back surface of the SOI wafer. A thin silicon dioxide film 57 was then formed on the cantilever pattern. The 
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thin silicon dioxide film 57 was partially removed by means of etching using an aqueous solution of HF, and a dummy 
layer 61 was formed in the area on the silicon substrate exposed via the thin silicon dioxide film 57 (Fig. 15C). The 
dummy layer 61 was realized by depositing a polycrystalline silicon film by means of LPCVD. A thin silicon dioxide film 
serving as a passivation layer 62 was then formed over the entire surface of the substrate by means of sputtering. A 

5 contact hole was formed in the passivation layer 62 and an Al metal electrode 58 was formed (Fig. 16D). The p-type 
silicon substrate was etched using EDP serving as a crystal orientation-dependent anisotropical etchant via the open- 
ing 56 so as to form a hole surrounded by (1 1 1) crystal surfaces. Subsequently, the dummy layer 61 was isotropically 
etched using EDP. During this etching process, the part of the silicon substrate under the dummy layer was also etched. 
Thus, the dummy layer was completely removed, and the part of the silicon substrate under the cantilever was removed 

w (Fig. 16E). Furthermore, the passivation film 22 was partially removed by means of etching using an aqueous solution 
of HF so as to form a through-hole thereby forming a piezoresistance cantilever (Fig. 16F). 

The opening length d of the through-hole measured at the surface of the substrate is determined by the width d1 
of the dummy layer shown in Fig. 1 5 without being affected by the variations in the substrate thickness and the orienta- 
tion flat angle. Therefore, it is possible to produce a cantilever with a desired length with high reproducibility, and thus it 

is is possible to produce a piezoresistance cantilever with small variations in mechanical characteristics such as the res- 
onance frequency and the spring constant. 

Tenth Embodiment 

20 In this embodiment, an ink-jet print head was produced using the method of producing a through-hole according to 
the present invention. First, the general construction of an ink-jet print head to which the present invention can be 
applied is described. 

Fig. 17 is a partially cutaway schematic diagram illustrating an example of an ink-jet print head which can be pro- 
duced according to the present invention, wherein electric interconnections for driving electrothermal conversion ele- 

25 merits are not shown in the figure for simplicity. 

In Fig. 17, reference numeral 304 denotes a silicon substrate having emission energy generators 301 and an ink 
supplying hole 303. Eletrothermal conversion elements serving as the emission energy generators 301 are disposed in 
line at both longer sides of the long rectangular-shaped opening end of the ink supplying hole 303 in such a manner 
that the electrothermal conversion elements are located in a staggered fashion and the elements in each line are 

so spaced 300 dpi apart. A cover resin layer 306 serving as an ink path wail forming an ink flow path is provided on the 
substrate 304. An emission hole plate 305 having emission holes 302 is provided on the cover resin layer 306. Although 
in this specific example shown in Fig. 17, the cover resin layer 306 and the emission hole plate 305 are constructed in 
the form of separate elements, they may also be constructed in an integrated fashion by forming the cover resin layer 
306 on the substrate 304 by means of spin coating or the like. 

35 In this embodiment, the ink supplying hole is produced using the method of producing a through-hole according to 
the present invention. 

When the ink supplying hole of the ink-jet print head having the above structure is produced by means of aniso- 
tropic etching, the diameter of the through-hole (ink supplying hole) can vary from head to head, as described earlier, 
due to the variations in the substrate thickness, the orientation flat angle, and the concentration of the etchant. The var- 

40 iation in the diameter of the ink supplying hole causes a variation in the distance between the emission energy gener- 
ators and the ink supplying hole, which in turn causes variations in the ink supplying characteristics among the emission 
energy generators. As a result, the operating frequency characteristics of the ink-jet print head are greatly affected, in 
the ink-jet print head having the above structure, for the above reason, it is important to precisely control the distance 
between the emission energy generators and the ink supplying hole. This requirement can be met by applying the 

45 method of producing a through-hole according to the present invention to the production of the ink supplying hole. That 
is, the present invention can provide a high-quality ink-jet print head. 

Referring now to Fig. 18, the processing steps employed in this embodiment will be described below, wherein each 
cross-sectional view in Fig. 18 is taken along line A-A' of Fig. 17. In Fig. 18, the right-side portion of the substrate is not 
shown, and thus the actual position of the ink supplying hole is near the center of the substrate. 

so In this embodiment, a (100) silicon wafer with a thickness of 625 \xm was employed as the substrate. First, to pre- 
vent the substrate from being cracked during heat treatment performed later, the substrate was thermally oxidized in 
oxidization gas thereby forming a silicon dioxide layer on the surface of the substrate. An nMOS well and an insulating 
diffusion layer was formed by performing a heat treatment under conditions similar to those employed to form a p-well 
in the CMOS process. More specifically, the substrate was subjected to heat treatment in an oxygen ambient at 1 200°C 

55 for 8 hours. The silicon dioxide layer on the substrate was removed using buffered hydrofluoric acid so as to obtain an 
exposed clean surface of the substrate. The silicon substrate 100 was then subjected to high-temperature treatment in 
an oxidizing gas ambient so as to again form a silicon dioxide layer by means of thermal oxidation. By means of etching 
using buffered hydrofluoric acid in conjunction with a photolithographic process, the silicon dioxide layer was removed 
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except for the portion at a location where a through-hole was to be formed, thereby forming an epitaxial growth prevent- 
ing layer 98. An epitaxial layer 99 was then grown on the surface of the substrate using mono-silane gas with an induc- 
tion heating epitaxial growth apparatus. During this process, in the area where the epitaxial growth preventing layer 98 
was formed, polycrystalline silicon was formed rather than epitaxial silicon. In this embodiment, this polycrystalline sil- 

5 icon was employed as a dummy layer 1 11 . The substrate was further subjected to thermal oxidation using oxidation gas 
so as to form silicon dioxide layers 101 and 1 02 on the principal surface and the back surface of the substrate, respec- 
tively. The silicon dioxide layer 102 on the back surface of the substrate was partially removed by means of etching 
using buffered hydrofluoric acid in conjunction with a photolithographic process so as to form an opening 1 1 6 in the sil- 
icon dioxide layer 102 so that the silicon substrate was exposed via the opening 116 (Fig. 18A). 

10 Subsequently, the silicon dioxide layer 101 on the principal surface of the substrate was partially removed by means 
of etching using an aqueous solution of HF in conjunction with a photolithographic process so that the silicon substrate 
was exposed. A bubble-jet heating resistor 103 for heating ink thereby boiling it thus generating pressure was formed 
on the silicon dioxide layer 101. Furthermore, a passivation layer 97 of silicon nitride was formed on the heating resistor 
1 03 (Fig. 1 8B). As in the case shown in Fig. 2, the size of the opening 1 1 0 and that of the dummy layer 1 1 1 were deter- 

15 mined so that when a through-hole was formed in the silicon substrate by etching the substrate from its back side, the 
opening size of the through-hole measured at the principal surface of the silicon substrate became smaller than the size 
of the dummy layer. A flow path formation layer 104 was then formed wherein the flow path formation layer 104 was to 
be removed by means of etching in a later processing step so as to form a flow path 1 07. Furthermore, a nozzle forma- 
tion layer 105 having an emission hole 106 was formed on the flow path formation layer 104 (Fig. 18C). 

20 The silicon substrate was then etched via the opening 116 using TMAH so that a hole surrounded by (1 11) crystal 
surfaces was formed. In this anisotropic^ etching process, the etching of the silicon substrate was stopped by the epi- 
taxial growth preventing layer 98 of silicon dioxide (Fig. 18D). That is, since the epitaxial growth preventing layer 98 also 
serves as an etching stopper layer, it is possible to control the anisotropic etching process for forming a plurality of holes 
in one wafer or from wafer to wafer independently of the subsequent process of etching the dummy layer. The epitaxial 

25 growth preventing layer 98 was etched using buffered hydrofluoric acid, and the dummy layer 1 1 1 was removed by 
means of isotropic etching using TMAH thereby obtaining a membrane formed of a part of the passivation layer of sili- 
con nitride. Sitosequently, the part of the passivation film 97 at the location where the dummy layer 1 1 1 was present 
before was removed by means of RIE (reactive ion etching) using CF 4 thereby forming a through-hole serving as the 
ink supplying hole 109. The flow path formation layer 104 was then removed. Thus, a complete ink-jet print head was 

30 obtained (Fig. 18E). 

When an ink supplying hole is produced using the above-described technique of the invention, it is possible to pre- 
vent the variation in the distance L between the end of the ink supplying hole and the center of the heating resistor 
regardless of the variations in the opening length of the through-hole, the thickness of the silicon substrate, and the ori- 
entation flat angle and also regardless of deformation of the opening end from the shape of a straight line during the 
35 high-temperature treatment. Thus, it is possible to achieve good uniformity in the ink supplying characteristics of the 
emission holes. Therefore, it is possible to provide an ink-jet print head having ink supplying holes capable of stably and 
precisely supplying ink 

Although in this embodiment, silicon dioxide was employed to form the epitaxial growth preventing layer, any proper 
amorphous or polycrystalline material of metal, semiconductor, or insulator having any electrical characteristics may 
40 also be employed as long as it has resistance to a high temperature at which the epitaxial growth is performed and it 
has the capability of preventing an epitaxial layer from growing on it. When the epitaxial growth preventing layer is also 
used as the etching stopper layer, it is required that the material of the epitaxial growth preventing layer should also 
have resistance to the crystal orientation-dependent anisotropic etchant. 

45 Eleventh Embodiment 

Herein another example of application of the method of producing a through-hole according to the invention to the 
production of an ink-jet print head is described below with reference to Fig. 19 illustrating processing steps. A (100) sil- 
icon wafer with a thickness of 625 fim was employed as the substrate. First, to prevent the substrate from being cracked 

so during heat treatment performed later, the substrate was thermally oxidized in oxidization gas thereby forming a silicon 
dioxide layer on the surface of the substrate. An nMOS well and an insulating diffusion layer was formed by performing 
a heat treatment under conditions similar to those employed to form a p-well in the CMOS process. More specifically, 
the substrate was subjected to heat treatment in an oxygen ambient at 1200°C for 8 hours. The silicon dioxide layer on 
the substrate was removed using buffered hydrofluoric acid so as to obtain an exposed clean surface of the substrate. 

55 The silicon substrate was then subjected to high-temperature treatment in an oxidizing gas ambient so as to again form 
silicon dioxide layers 101 and 102 on the principal surface and the back surface of the substrate, respectively, by means 
of thermal oxidation. A bubble-jet heating resistor 103 for heating ink thereby boiling it thus generating pressure was 
formed on the silicon dioxide layer 101 on the surface of the substrate. The silicon dioxide layer 102 on the back surface 
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of the substrate was partially removed by means of etching using an aqueous solution of HF in conjunction with a pho- 
tolithographic process so as to form an opening 116 in the silicon dioxide layer 103 so that the silicon substrate was 
exposed via the opening 116 (Fig. 19A). Subsequently, the silicon dioxide layer 101 was partially removed by means of 
etching using an aqueous solution of HF in conjunction with a photolithographic process so that the silicon substrate 

5 was exposed, and a polycrystalline silicon film to be used as a dummy layer was deposited in the exposed area of the 
silicon substrate. The polycrystalline silicon film was patterned into the dummy layer 1 1 1 by means of RIE using CF 4 in 
conjunction with a photolithographic process, and a passivation layer 112 of silicon nitride was formed thereon (Fig. 
19B). The size of the opening 1 16 and the size of the dummy layer 1 1 1 were determined, as in the case shown in Fig. 
5, so that when a through-hole was formed in the silicon substrate by etching the substrate from its backside, the open- 

10 ing size of the through-hole measured at the principal surface of the silicon substrate became smaller than the size of 
the dummy layer. A flow path formation layer 104 was then formed wherein the flow path formation layer 104 was to be 
removed by means of etching in a later processing step so as to form a flow path 107. Furthermore, a nozzle formation 
layer 1 05 having an emission hole 1 06 was formed on the flow path formation layer 1 04. 

The silicon substrate was then etched via the opening 116 using TMAH so that a hole surrounded by (1 1 1) crystal 

is surfaces was formed. The dummy layer 1 1 1 was removed by means of isotropic etching using TMAH, and the etching 
was further continued so that the part of the silicon substrate at the location on which the dummy layer was present 
before was etched. Subsequently, the part of the passivation film 1 1 2 at the location under which the dummy layer was 
present before was removed by means of RIE using CF 4 thereby forming a through-hole serving as the ink supplying 
hole 109. Finally, the flow path formation layer was removed. Thus, a complete ink-jet print head was obtained (Fig. 

20 19D). 

When an ink supplying hole is produced using the above-described technique of the invention, it is possible to pre- 
vent the variation in the distance L between the end of the ink supplying hole and the center of the heating resistor 
regardless of the variations in the opening length of the through-hole, the thickness of the silicon substrate, and the ori- 
entation flat angle and also regardless of deformation of the opening end from the shape of a straight line during the 
25 high-temperature treatment. Thus, it is possible to achieve good uniformity in the ink supplying characteristics of the 
emission holes. Therefore, it is possible to provide an ink-jet print head having ink supplying holes capable of stably and 
precisely supplying ink. 

Twelfth Embodiment 

30 

A similar technique of forming a through-hole in the production of an ink-jet print head is also disclosed for example 
in Japanese Patent Laid-Open No. 9-11479. Experiments performed by the inventors of the present invention have 
revealed that when an ink-jet print head is produced using the technique disclosed in the patent cited above or the tech- 
niques employed in the above embodiments, cracks can occur in the material of a nozzle or a membrane during an ani- 

35 sotropic etching process if the etching is performed on a substrate having a resin layer serving as a dummy pattern of 
an ink flow path formed on a passivation layer. The inventors of the present invention have found that the cracks in the 
membrane are due to the stress in the membrane. After an intensive investigation, the inventors have finally found that 
substantially no cracks are produced in the membrane if the membrane of passivation layer is formed so that it has a 
tensile stress. More specifically, the membrane of passivation layer having a tensile stress can be realized by employing 

40 an LP-SiN film (silicon nitride film formed using an LP-CVD apparatus). In this embodiment, the membrane was suc- 
cessfully formed using an LP-SiN film having a tensile stress without producing cracks in the membrane after the ani- 
sotropic etching process. However, it has been found that if an LP-SiN film is formed over the entire surface of a wafer 
to produce an ink-jet print head, another problem can occur as described below. That is, if an LP-SiN film is deposited 
over the entire surface of a wafer to produce an ink-jet print head, an active element such as an n-MOSFET, a p-MOS- 

45 FET, or a PN diode for driving a heating resistor is covered with the LP-SiN film. However, the LP-SiN film makes it 
impossible for the active element to operate in a correct fashion. That is, the LP-SiN film causes an anomaly in the elec- 
tric characteristics of the active element. To avoid the above problem, the inventors of the invention have proposed 
herein a technique in which an LP-SiN pattern is formed outside the area in which semiconductor devices are formed. 
Although in this specific embodiment the LP-SiN film is formed only in the area corresponding to the membrane so as 

so to minimize the influence of the LP-SiN film on the active element, the LP-SiN film may also be formed in other areas 
as long as no LP-SiN is present in the area where there is an active element. 

The method of producing an ink-jet print head according to the present embodiment will be described below. 
Figs. 22A to 22G and Fig. 23 are cross-sectional views illustrating the processing steps of producing an ink-jet print 
head according to the present embodiment. For a better understanding, only an ink supplying hole in a semiconductor 

55 device is shown in Figs. 22A to 22E, while an ink emission pressure generator and a nozzle are also shown in Figs. 22F 
to 22Q and in Fig. 23. 

First, a silicon wafer 210 of a p-type (100) silicon substrate with a thickness of 625 \im was prepared, and thermal 
oxidation was performed so as to form a silicon oxide film 211 with a thickness of 100 to 500 A on the silicon substrate. 
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Furthermore, a silicon nitride film 21 2 was deposited thereon to a thickness of 1 000 to 3000 A by means of low-pressure 
CVD (Fig. 22A). 

The silicon nitride film 212 was then patterned so that it remained only in an area in which a dummy layer was to 
be formed later. When the above patterning was performed, the silicon nitride film on the back surface of the silicon sub- 
5 strate was entirety removed (Fig. 22B). 

The silicon substrate was then subjected to thermal oxidation so as to form a silicon oxide film 213 with a thickness 
of 6000 to 12000 A on the surface of the substrate. In this thermal oxidation process, the part covered with the silicon 
nitride film was not oxidized, while the areas at both sides of the silicon nitride film 13 were selectively oxidized. As a 
result those areas at both sides of the silicon nitride film had a thicker silicon oxide film. Subsequently, the silicon nitride 
10 film was removed by means of etching (Fig. 22C). 

The silicon oxide film 214 which had been present under the silicon nitride film 212 was then patterned by means 
of etching so that a window was formed in the silicon oxide film 214 at a location where the opening end of a through- 
hole was to be formed later and so that the surface of the silicon substrate was exposed via the window. A polycrystal- 
line silicon film 215 was formed on the exposed part of the silicon substrate. The width of this polycrystalline silicon film 
15 215 determines the width of the ink supplying hole formed in a later processing step as will be described later (Fig. 
22D). 

Subsequently, a silicon nitride film (LP-SiN film) 216 with a thickness of 500 to 2000 A was formed by means of a 
low-pressure CVD technique. The silicon nitride film (LP-SiN filmy 216 was then patterned so that it remained only in 
the membrane area (dummy layer area). A PSG film 217 was then deposited thereon by means of atmospheric-pres- 
20 sure CVD, and the deposited film was patterned into a desired shape. An Al-Cu film (not shown) was deposited on the 
PSG film 217, and the deposited film was patterned into a desired shape to serve as an interconnection electrode. At 
this stage, an active element driven to perform ink emission was obtained (Fig. 22E). (For a better understanding of the 
structure, the active element is not shown in the figures and only the ink supplying hole is shown Figs. 22A to 22E). 
A plasma silicon oxide (p-SiO) film 21 8 with a thickness of 1 .0 to 1 .8 pm was deposited by means of plasma CVD, 
25 and the deposited film was patterned into a desired shape. 

A TaN film with a thickness of 200 to 1000 A serving was then deposited on the plasma silicon oxide (p-SiO) film 
218 by means of reactive sputtering, and the deposited TaN film was patterned into a desired shape to serve as a heat- 
ing resistor 21 9. A plasma silicon nitride (p-SiN) film 220 serving as a protective film for the heating resistor was depos- 
ited to a thickness of 6000 to 1 2000 A. 
30 A Ta film 22 1 serving as an anticavitation film was deposited to a thickness of 200 to 1 000 A by means of sputtering, 
and the deposited Ta film was patterned into a desired shape. Furthermore, patterning was performed to form a lead 
electrode (Fig. 22F). 

A photoresist 223 was coated on the substrate and patterned into a dummy shape of the ink flow path. A cover resin 
layer 222 used to form a wall of the inkflow path and an emission plate was formed such that the patterned photoresist 
35 layer 223 was covered with the cover resin layer 222, and an emission hole 224 was produced in the cover resin layer 
222. 

After that, the silicon substrate was anisotropically etched from its back side so as to form an ink supplying hole 
used to supply ink. In the present embodiment, to make the dummy layer 15 and the ink supplying hole 225 have a 
desired width, the widths of the masks used were set to 145 urn and 500-700 urn, respectively. Note that these widths 
40 should be properly determined depending on a specific application and various parameters such as a silicon substrate 
thickness. The anisotropic etching described above was performed using an aqueous solution of TMAH at a solution 
temperature of 80 to 90 °C for an etching time of 1 5 to 20 hours for a silicon substrate with a thickness of about 625 urn 
(Fig.22G). 

After completion of the anisotropic etching of the substrate, the membrane 226 consisting of the silicon nitride (LP- 
45 SiN) film 216 and the plasma silicon nitride (p-SiN) film 220 present in the ink supplying hole was removed by means 
of dry etching using fluorine gas and oxygen-based gas. Furthermore, the photoresist 223 located in the part which was 
to become the ink flow path was removed. Thus, a complete ink-jet print head according to the present embodiment 
was obtained (Fig. 23). 

In the technique of producing an ink-jet print head according to the present embodiment, no cracks are generated 
so in the membrane during the anisotropic etching process, and thus the resultant ink-jet print head had high printing per- 
formance. Furthermore, no anomaly was observed in the characteristics of the active element. This also contributes to 
realization of a high-quality ink-jet print head with a high production yield. 

Although in the present embodiment the dummy layer was employed, the production technique disclosed herein 
can also be applied to production using no dummy layer as in the case of the technique disclosed in Japanese Patent 
55 Laid-Open No. 9-1 1479, without encountering problems of cracks in the membrane. 

With the method of producing a through-hole according to the present invention, as described above, it is possible 
to produce a through-hole with a precisely controlled opening length regardless of the variations in the silicon substrate 
thickness, the orientation flat angle, and the concentration of the crystal orientation-dependent anisotropic etchant and 
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also regardless of the reduction in the linearity of the shape of the opening end of the through-hole. Furthermore, it is 
possible to produce a through-hole by etching a substrate from its back side, and therefore the through-hole can be 
formed easily regardless of whatever device is formed on the principal surface of the substrate. 

The method of producing a through-hole according to the present invention can also be employed to produce a 

5 thin-film cantilever with a precisely controlled length without having a significant variation in the length from wafer to 
wafer or from lot to lot This thin-film cantilever has precisely controlled mechanical characteristics and is especially suit- 
able for use in a scanning probe microscope. The substrate for producing a through-hole according to the present 
invention can also be employed to produce such a thin-film cantilever. 

Furthermore, the substrate having a through-hole according to the present invention can be used to realize a noz- 

10 zle for supplying gas or liquid. If a heating resistor, a flow path, and a nozzle are formed on the surface of the above- 
described substrate, it is possible to obtain an ink-jet print head having an through-hole serving as an ink supplying 
hole. 

The invention provides a method of producing a through-hole, a substrate used to produce a through-hole, a sub- 
strate having a through-hole, and a device using such a through-hole or a substrate having such a through-hole, which 
15 are characterized in that: a through-hole can be produced only by etching a silicon substrate from Hs back side; the 
opening length d can be precisely controlled to a desired value regardless of the variations in the silicon wafer thick- 
ness, and the orientation flat angle, and also regardless of the type of a silicon crystal orientation-dependent anisotropic 
etchant employed; high productivity, high production reproducibility, and ease of production can be achieved; a high-lib- 
erality can be achieved in the shape of the opening end even if temperature treatment is performed at a high tempera- 
te ture for a long time; and a high-precision through-hole can be produced regardless of the shape of a device formed on 
the surface of a substrate. The method of producing a through-hole comprises the steps of: (a) forming a dummy layer 
on the principal surface of the substrate at a location where the through-hole will be formed, the dummy layer being 
capable of being selectively etched without etching the material of the substrate; (b) forming a passivation layer having 
resistance to an etching process on the substrate in such a manner that the dummy layer is covered with the passivation 
25 layer; (c) forming an etching mask layer on the back surface of the substrate, the etching mask layer having an opening 
corresponding to the dummy layer; (d) etching the substrate by means of a crystal orientation-dependent anisotropic 
etching process until the dummy layer is exposed via the opening; (e) removing the dummy layer by etching the dummy 
layer from the part which has been exposed in the step of etching the substrate; and (f) partially removing the passiva- 
tion layer so as to form a through-hole. 

30 

Claims 

1 . A method of producing a through-hole in a silicon substrate, said method comprising the step of: 

35 (a) forming a dummy layer on the principal surface of said substrate at a location where the through-hole will 

be formed, said dummy layer being capable of being selectively etched without etching the material of said 
substrate; 

(b) forming a passivation layer having resistance to an etching process on said substrate such that said dummy 
layer is covered with said passivation layer; 
40 (c) forming an etching mask layer on the back surface of said substrate, said etching mask layer having an 

opening corresponding to said dummy layer; 

(d) etching the substrate by means of a crystal orientation-dependent anisotropic etching process until said 
dummy layer is exposed via said opening; 

(e) removing said dummy layer by etching said dummy layer from the part which has been exposed in said step 
45 of etching the substrate; and 

(f) partially removing said passivation layer so as to form a through-hole. 

2. A method of producing a through-hole, according to Claim 1 , wherein said dummy layer is made of a polycrystalline 
silicon film. 

so 

3. A method of producing a through-hole, according to Claim 1, wherein a membrane of said passivation layer is 
formed by etching said dummy layer. 

4. A method of producing a through-hole, according to Claim 1 , wherein said anisotropic etching process is performed 
55 using a solution of TMAH. 

5. A method of producing a through-hole, according to Claim 1 , wherein the etching of said dummy layer is performed 
in an isotropic fashion. 
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6. A method of producing a through-hole, according to Claim 1, wherein the size of the opening and the size of the 
dummy layer are determined so that when a through-hole is formed in the substrate by etching the substrate via 
the opening, the size of the resultant through-hole measured at the principal surface of the substrate is smaller than 
the size of the dummy layer. 

7. A method of producing a through-hole, according to Claim 6, wherein said substrate has a (100) crystal surface. 

8. A method of producing a through-hole, according to Claim 7, wherein the size d1 of the dummy layer is selected to 
satisfy the following relationship: 

d1 > (D - 2trtan(54.7°) + 2Rt/sin(54.7 0 )) 

where D is the size of the opening, t is the thickness of the substrate, and R is the ratio of the etching rate for a (1 00) 
surface to that for a (1 1 1) surface of the substrate. 

9. A method of producing a through-hole, according to Claim 7, wherein said substrate has a crystal surface offset 
from a (100) crystal surface by an angle of a (°), and the size d1 of the dummy layer is selected to satisfy the fol- 
lowing relationship: 

d1 > (D - t/tan(54.7° + a) - t/tan(54.7° - a) + Rt/sin(54.7° + a) + Rt/sin(54.7° - a)) 

where D is the size of the opening, t is the thickness of the substrate, and R is the ratio of the etching rate for a (1 00) 
surface to that for a (1 1 1 ) surface of the substrate. 

10. A method of producing a through-hole, according to Claim 1, wherein the part of said substrate in direct contact 
with said dummy layer is also etched during the step of etching said dummy layer. 

1 1 . A method of producing a through-hole, according to Claim 1 , wherein said dummy layer is formed on said substrate 
in an embedded fashion by anodizing said substrate thereby converting it to a porous material. 

12. A method of producing a through-hole, according to Claim 1 , wherein said dummy layer is made up of silicon diox- 
ide formed by oxidizing porous silicon formed on said substrate in an embedded fashion by anodizing said sub- 
strate thereby converting it to porous silicon. 

13. A method of producing a through-hole, according to Claim 3, wherein said membrane of the passivation layer has 
a tensil stress. 

14. A method of producing a through-hole, according to Claim 13, wherein said passivation layer is a silicon nitride film 
formed by means of a low-pressure CVD technique. 

15. A method of producing a through-hole, according to Claim 14, wherein said passivation layer is patterned such that 
rt remains only near the through-hole. 

16. A method of producing a through-hole in a silicon substrate, said method comprising the step of: 

(a) forming an epitaxial growth preventing layer for preventing epitaxial growth on a part of said substrate, and 
then forming an epitaxial layer on said substrate thereby forming a dummy layer capable of being selectively 
etched without etching the material of said substrate, said dummy layer being formed on said epitaxial growth 
preventing layer at a location where the through-hole will be formed; 

(b) forming a passivation layer having resistance to an etching process on said substrate such that said dummy 
layer is covered with said passivation layer; 

(c) forming an etching mask layer on the back surface of said substrate, said etching mask layer having an 
opening corresponding to said dummy layer; 

(d) etching the substrate by means of a crystal orientation-dependent anisotropic etching process until said 
epitaxial growth preventing layer is exposed via said opening; 

(e) removing the part of said epitaxial growth preventing layer exposed in the step of etching the substrate; 

(f) removing said dummy layer by etching it via the removed part of said epitaxial growth preventing layer; and 

(g) partially removing said passivation layer so as to form a through-hole. 
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17. A method of producing a through-hole, according to Claim 16, wherein said dummy layer is made of a noncrystal- 
line silicon film. 

18. A method of producing a through-hole, according to Claim 16, wherein said membrane of the passivation layer is 
5 formed by etching said dummy layer. 

19. A method of producing a through-hole, according to Claim 16, wherein said anisotropic etching process is per- 
formed using a solution of TMAH. 

w 20. A method of producing a through-hole, according to Claim 16, wherein the etching of said dummy layer is per- 
formed in an isotropic fashion. 

21 . A method of producing a through-hole, according to Gaim 16, wherein the size of the opening and the size of the 
dummy layer are determined so that when a through-hole is formed in the substrate by etching the substrate via 

15 the opening, the size of the resultant through-hole measured at the principal surface of the substrate is smaller than 
the size of the dummy layer. 

22. A method of producing a through-hole, according to Claim 21 , wherein said substrate has a (100) crystal surface. 

20 23. A method of producing a through-hole, according to Claim 22, wherein the size d1 of the dummy layer is selected 
to satisfy the following relationship: 

d1 > (D - 2t/tan(54.7°) + 2Rt/sin(54.7°)) 

25 where D is the size of the opening, t is the thickness of the substrate, and R is the ratio of the etching rate for a (100) 
surface to that for a (11 1) surface of the substrate. 

24. A method of producing a through-hole, according to Claim 21, wherein said substrate has a crystal surface offset 
from a (100) crystal surface by an angle of a (°), and the size d1 of the dummy layer is selected to satisfy the fol- 

30 lowing relationship: 

d1 > (D - t/tan(54.7° + a) - t/tan(54.7° - a) + Rt/sin(54.7° + a) + Rt/sin(54.7° - a)) 

where D is the size of the opening, t is the thickness of the substrate, and R is the ratio of the etching rate for a (100) 
35 surface to that for a (1 1 1 ) surface of the substrate. 

25. A method of producing a through-hole, according to Claim 17, wherein said dummy layer is formed on said sub- 
strate in an embedded fashion by anodizing said substrate thereby converting it to a porous material. 

40 26. A method of producing a through-hole, according to Claim 1 6, wherein said dummy layer is made up of silicon diox- 
ide formed by oxidizing porous silicon formed on said substrate in an embedded fashion by anodizing said sub- 
strate thereby converting it to porous silicon. 

27. A method of producing a through-hole, according to Claim 18, wherein said membrane of the passivation layer has 
45 a tensil stress. 

28. A method of producing a through-hole, according to Claim 27, wherein said passivation layer is a silicon nitride film 
formed by means of a low-pressure CVD technique. 

so 29. A method of producing a through-hole, according to Claim 28, wherein said passivation layer is patterned such that 
it remains only near the through-hole. 

30. A silicon substrate having a functional element and a through-hole formed by etching said silicon substrate by 
means of a crystal orientation-dependent anisotropic etching process from the surface opposite to that on which 
55 said functional element is formed, said silicon substrate being characterized in that the opening diameter d' of the 
through-hole measured at the surface on which said functional element is formed satisfies the following relation- 
ship: 
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d , >(D , -2t/tan(54.7 0 )) 

where D' is the opening diameter of the through-hole measured at the back surface of the silicon substrate, and t 
is the thickness of the silicon substrate. 

5 

31. A cantilever for use in a scanning probe microscope, characterized in that there is provided a silicon substrate 
according to Claim 30 wherein said functional element is a thin-film cantilever whose one end is fixed to said sub- 
strate. 

10 32. A method of producing an ink-jet print head comprising an emission hole for emitting ink, an ink flow path in com- 
munication with said emission hole, and a substrate having an emission energy generator for emitting ink and a 
through-hole serving as an ink supplying hole for supplying ink into said ink flow path, said method comprising the 
steps of : 

is (a) forming a dummy layer on the principal surface of said substrate at a location where the through-hole will 

be formed, said dummy layer being capable of being selectively etched without etching he material of said sub- 
strate; 

(b) forming a passivation layer having resistance to an etching process on said substrate such that said dummy 
layer is covered with said passivation layer; 
20 (c) forming an etching mask layer on the back surface of said substrate, said etching mask layer having an 

opening corresponding to said dummy layer; 

(d) etching the substrate by means of a crystal orientation-dependent anisotropic etching process until said 
dummy layer is exposed via said opening; 

(e) removing said dummy layer by etching said dummy layer from the part which has been exposed in said step 
25 of etching the substrate; and 

(f) partially removing said passivation layer so as to form a through-hole serving as said ink supplying hole. 

33. A method of producing an ink-jet print head, according to Claim 32, wherein said dummy layer is made of a poly- 
crystalline silicon film. 

30 

34. A method of producing an ink-jet print head, according to Claim 32, wherein a membrane of said passivation layer 
is formed by etching said dummy layer. 

35. A method of producing an ink-jet print head, according to Claim 32, wherein said anisotropic etching process is per- 
35 formed using a solution of TMAH. 

36. A method of producing an ink-jet print head, according to Claim 32, wherein the etching of said dummy layer is per- 
formed in an isotropic fashion. 

40 37. A method of producing an ink-jet print head, according to Claim 32, wherein the size of the opening and the size of 
the dummy layer are determined so that when a through-hole is formed in the substrate by etching the substrate 
via the opening, the size of the resultant through-hole measured at the principal surface of the substrate is smaller 
than the size of the dummy layer. 

45 38. A method of producing an ink-jet print head, according to Claim 37, wherein said substrate has a (100) crystal sur- 
face. 

39. A method of producing an ink-jet print head, according to Claim 38, wherein the size d1 of the dummy layer is 
selected to satisfy the following relationship: 

50 

d1 > (D - 2t/tan(54.7°) + 2Rt/sin(54.7 0 )) 

where D is the size of the opening, t is the thickness of the substrate, and R is the ratio of the etching rate for a (1 00) 
surface to that for a (1 11) surface of the substrate. 

55 

40. A method of producing an ink-jet print head, according to Claim 37, wherein said substrate has a crystal surface 
offset from a (1 00) crystal surface by an angle of a (°), and the size d1 of the dummy layer is selected to satisfy the 
following relationship: 
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d1 > (D - t/tan(54.7° + a) - t/tan(54.7° - a) + Rt/sin(54.7° + a) + Rt/sin(54.7° - a)) 

where D is the size of the opening, t is the thickness of the substrate, and R is the ratio of the etching rate for a (1 00) 
surfac to that for a (11 1) surface of the substrate. 

41 . A method of producing an ink-jet print head, according to Claim 32, wherein the part of said substrate in direct con- 
tact with said dummy layer is also etched during the step of etching said dummy layer. 

42. A method of producing an ink-jet print head, according to Claim 32, wherein said dummy layer is formed on said 
substrate in an embedded fashion by anodizing said substrate thereby converting it to a porous material. 

43. A method of producing an ink-jet print head, according to Claim 32, wherein said dummy layer is made up of silicon 
dioxide formed by oxidizing porous silicon formed on said substrate in an embedded fashion by anodizing said sub- 
strate thereby converting it to porous silicon. 

44. A method of producing an ink-jet print head, according to Claim 34, wherein said membrane of the passivation layer 
has a tensil stress. 

45. A method of producing an ink-jet print head, according to Claim 44, wherein said passivation layer is a silicon nitride 
film formed by means of a low-pressure CVD technique. 

46. A method of producing an ink-jet print head, according to Claim 45, wherein said passivation layer is patterned 
such that it remains only near the through-hole. 

47. A method of producing an ink-jet print head comprising an emission hole for emitting ink, an ink flow path in com- 
munication with said emission hole, and a substrate having an emission energy generator for emitting ink and a 
through-hole serving as an ink supplying hole for supplying ink into said ink flow path, said method comprising the 
steps of: 

(a) forming an epitaxial growth preventing layer for preventing epitaxial growth on a part of said substrate, and 
then forming an epitaxial layer on said substrate thereby forming a dummy layer capable of being selectively 
etched without etching the material of said substrate, said dummy layer being formed on said epitaxial growth 
preventing layer at a location where the through-hole will be formed; 

(b) forming a passivation layer having resistance to an etching process on said substrate such that said dummy 
layer is covered with said passivation layer; 

(c) forming an etching mask layer on the back surface of said substrate, said etching mask layer having an 
opening corresponding to said dummy layer; 

(d) etching the substrate by means of a crystal orientation-dependent anisotropic etching process until said 
epitaxial growth preventing layer is exposed via said opening; 

(e) removing the part of said epitaxial growth preventing layer exposed in the step of etching the substrate; 

(f) removing said dummy layer by etching it via the removed part of said epitaxial growth preventing layer; and 

(g) partially removing said passivation layer so as to form a through-hole. 

48. A method of producing an ink-jet print head, according to Claim 47, wherein said dummy layer is made of a poly- 
crystalline silicon film. 

49. A method of producing an ink-jet print head, according to Claim 47, wherein a membrane of said passivation layer 
is formed by etching said dummy layer. 

50. A method of producing an ink-jet print head, according to Claim 47, wherein said anisotropic etching process is per- 
formed using a solution of TMAH. 

51 . A method of producing an ink-jet print head, according to Claim 47, wherein the etching of said dummy layer is per- 
formed in an isotropic fashion. 

52. A method of producing an ink-jet print head, according to Claim 47, wherein the size of the opening and the size of 
the dummy layer are determined so that when a through-hole is formed in the substrate by etching the substrate 
via the opening, the size of the resultant through-hole measured at the principal surface of the substrate is smaller 
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than the size of the dummy layer. 

53. A method of producing an ink-jet print head, according to Claim 52, wherein said substrate has a (100) crystal sur- 
face. 

5 

54. A method of producing an ink-jet print head, according to Claim 53, wherein the size d1 of the dummy layer is 
selected to satisfy the following relationship: 

d1 > (D - 2t/tan(547°) + 2Rt/sin(54.7°)) 

10 

where D is the size of the opening, t is the thickness of the substrate, and R is the ratio of the etching rate for a (1 00) 
surface to that for a (1 1 1) surface of the substrate. 

55. A method of producing an ink-jet print head, according to Claim 52, wherein said substrate has a crystal surface 
15 offset from a (1 00) crystal surface by an angle of a (°), and the size d1 of the dummy layer is selected to satisfy the 

following relationship: 

d1 > (D - t/tan(54.7° + a) - t/tan(54.7° - a) + Rt/sin(54.7° + a) + Rt/sin(54.7* - a)) 

20 where D is the size of the opening, t is the thickness of the substrate, and R is the ratio of the etching rate for a (100) 
surface to that for a (1 1 1) surface of the substrate. 

56. A method of producing an ink-jet print head, according to Claim 48, wherein said dummy layer is formed on said 
substrate in an embedded fashion by anodizing said substrate thereby converting it to a porous material. 

25 

57. A method of producing an ink-jet print head, according to Claim 47, wherein said dummy layer is made up of silicon 
dioxide formed by oxidizing porous silicon formed on said substrate in an embedded fashion by anodizing said sub- 
strate thereby converting it to porous silicon. 

30 58. A method of producing an ink-jet print head, according to Claim 49, wherein said membrane of the passivation layer 
has a tensil stress. 

59. A method of producing an ink-jet print head, according to Claim 58, wherein said passivation layer is a silicon nitride 
film formed by means of a low-pressure C VD technique. 

35 

60. A method of producing an ink-jet print head, according to Claim 28, wherein said passivation layer is patterned 
such that it remains only near the through-hole. 

61 . An ink-jet print head comprising an emission hole for emitting ink, an inkflow path in communication with said emis- 
40 sion hole, and a substrate having an emission energy generator for emitting ink and a through-hole formed by etch- 
ing the substrate from its back side opposite to the surface on which said emission energy generator is formed so 
that said through-hole serve as an ink supplying hole for supplying ink into said inkflow path, 

said silicon substrate being characterized in that the opening diameter d' of the through-hole measured at 
the surface on which said functional element is formed satisfies the following relationship: 

45 

d'>(D'-2t/tan(54.7°)) 

where D' is the opening diameter of the through-hole measured at the back surface of the silicon substrate, and t 
is the thickness of the silicon substrate. 

50 

62. An ink-jet print head according to Claim 61, wherein said silicon substrate includes an active element formed on 
the surface on which said emission energy generator is formed. 

63. An ink-jet print head according to Claim 62, wherein said silicon substrate includes an SiN film formed by means of 
55 low-pressure CVD in the area of the ink supplying hole, said SiN film being used to form a membrane when said 

substrate is anisotropically etched. 

64. An ink-jet print head according to Claim 63, wherein said SiN film is formed on the silicon substrate such that said 
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active element is not covered with said SiN film. 
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